We earlier isolated a cDNA clone (NGR1 ) encoding a wound-inducible ribonuclease (RNase NW) from leaves of Nicotiana glutinosa [Kariu et al. Biosci. Biotechnol. Biochem., 62, 1144-1151]. In this study, two distinct cDNA clones, NGR2 and NGR3, encoding proteins with a ribonuclease-related sequence in the N. glutinosa leaves, were ampliˆed and sequenced. The nucleotide sequences of NGR2 and NGR3 consist of 1244 bp and 1069 bp, and have open reading frames encoding 277 (RNase NGR2) and 236 (RNase NGR3) amino acid residues, respectively. The deduced amino acid sequences of the putative RNases NGR2 and NGR3 showed 33% and 58% amino acid sequence identity, respectively, with that of RNase NW and 32% identity with each other. Sequence comparison showed that NGR2 is similar to RNase RNS2 (61%) from Arabidopsis thaliana, while NGR3 is related to RNase LX (84%) from tomato (Lycopersicon esculentum). RNA gel blot analysis showed that the RNase NGR2 gene is constitutively expressed to measurable levels; it is not increased by either wounding or TMV infection. In contrast, the expression of the NGR3 gene is induced after 48 h upon TMV infection.
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As for ribonuclease (RNases) in mammalians, RNases in plants are involved in a wide range of physiological and developmental processes. 1) To date, a large amount of sequence information on plant RNases has become available. Plant RNases are related to RNases classiˆed in the RNase T2 family which is typiˆed by fungal RNases, such as RNase Rh from Rhizopus niveus and RNase T2 from Aspergillus oryzae, 2) and they are further grouped into S-RNases and S-like RNases, based on functions and sequence similarity. The former includes RNases involved in gametophytic self-incompatibility and the latter includes RNases induced in response to diverse developmental and environmental stimuli, such as senescence, phosphate starvation, pathogen infection, and developmental cues in higher plants. 1) S-RNases have an activity in pollen that hydrolyzes rRNA, thereby arresting pollen tubule growth. 3) Based on a known three-dimensional structure of RNase Rh, 4) the tertiary structure of S-RNase was predicted. 5) This structure localized recognition sites for S-allele-speciˆc discrimination on two surface sites. 5) In contrast, little is known of structure and function for S-like RNases, and the molecular mechanisms by which S-like RNase genes are induced in response to diverse stimuli have remained unknown.
It was reported that RNase activity was induced in leaves of Nicotiana glutinosa by mechanical injury or by tobacco mosaic virus (TMV)-infection. 6, 7) Matsushita and Shimokawa found two distinct RNase activities in TMV-infected N. glutinosa leaves, and showed that one RNase activity, designated RNase M, was induced by wounding, a maximum was reached 24 h after treatment and induction was inhibited by actinomycin D and by cycloheximide. 8, 9) Another RNase activity, designated RNase F, was induced 24 h after TMV-infection and the increase of the enzymatic activity was prominent from 48 to 60 h and induction was not inhibited by actinomycin D or by cycloheximide. 8, 9) These observations suggested that RNases induced in N. glutinosa leaves would make a suitable model system for studying not only structure and function of S-like RNases but also mechanisms by which S-like RNase genes are induced in response to environmental stimuli.
We earlier puriˆed a wound-inducible RNase NW from leaves of N. glutinosa to apparent homogeneity: 10) the former name``RNase M'' was changed to avoid confusion with a fungal RNase M from Aspergillus saito. In addition, a cDNA clone (NGR1 ) encoding RNase NW was ampliˆed and the nucleotide sequence was analyzed. 10) Sequence comparison demonstrated that RNase NW is signiˆcantly related to S-like RNases, such as RNase NE from N. alata 11) and RNase LE 12) from cultured cells of tomatoes rather than to S-RNases. 10) This analysis also showed that RNase NW is synthesized as a polypeptide with 229 amino acids, including a putative secretion signal peptide at the N-terminus composed of 25 amino acids.
In the course of PCR ampliˆcation, a few cDNA fragments encoding partial amino acid sequences similar to that of RNase NW were obtained. 10) In this study, to acquire more information on RNases in N. glutinosa leaves, we ampliˆed two distinct full-length cDNAs, NGR2 and NGR3, encoding ribonucleaserelated proteins in the N. glutinosa leaves and analyzed expression patterns of transcripts in response to TMV-infection.
Materials and Methods
Materials. The oligonucleotides used in this study were purchased from Amersham Pharmacia Biotech. Taq DNA polymerase was obtained from Sawady Technology. A DNA ligation kit and Takara Taq cycle sequencing kit were obtained from Takara Shuzo and used as recommended by the supplier. Restriction endonucleases were purchased from either Toyobo, MBI Fermentas, or Gibco BRL. The plasmid pGEM T-vector was from Promega. All other chemicals were of analytical grade for biochemical use.
Plant materials. Maintenance of N. glutinosa plants and wounding treatments followed by TMVinfection of the leaves of N. glutinosa were done, as described. 9) Isolation and sequencing of cDNA clones. Isolation of total RNA, RT-PCR ampliˆcation of the cDNA fragments encoding RNases, and 3? rapid ampliˆcation of cDNA ends (RACE) were done as previously described. 10) Cloning of 5? ends of cDNA were done using a 5?-Full RACE Core Set (Takara Shuzo) and ampliTaq Gold (Perkin-Elmer) according to the manufacturer's instructions. DNA sequencing was done using a thermo sequenase ‰uorescent labeled primer cycle sequencing kit containing 7deaza-dGTP (Amersham Pharmacia Biotech) and a DNA sequencer DSQ-1000 (Shimadzu).
RNA gel blot analysis. RNA samples were transferred to nylon membranes, positively charged (Boehringer Mannheim) after separation on 1z (w W v) agarose gel containing formaldehyde. Fulllength cDNAs of RNase were labeled with 32 P-dCTP using a random primer labeling kit (Takara Shuzo). Prehybridization and hybridization of nylonˆlters were done at 429 C in 50z formamide, 5×SSPE (1× SSPE is 0.15 M NaCl, 0.01 M NaH2PO4, 1 mM EDTA), 0.1z SDS, and 2×Denhardt's solution (1× Denhardt's solution is 0.02z BSA, 0.02z Ficoll, and 0.02z polyvinylpyrollidone). Final washes were in 0.2×SSC, 0.1z SDS at 659 C. Washedˆlters were exposed to Fuji BAS sample screen and the images were captured using the Fuji BAS reader. For stripping of hybridized membranes, they were washed twice for 15 min in 0.2 N NaOH containing 0.1z SDS at 379 C.
Results

Nucleotide sequences of cDNA clones
The strategy for PCR ampliˆcations of two cDNA clones, NGR2 and NGR3, is shown in Fig. 1 . The oligonucleotide primers used in this study are given in Table 1 . Sequence analysis of the ampliˆed cDNA fragments gave the complete nucleotide sequences of the cDNAs, NGR2 and NGR3. The nucleotide sequence data for the NGR2 and NGR appear in the DDBJ, EMBL, and GenBank nucleotide sequence data bases under accession Nos. AB032256 and AB032257, respectively.
The NGR2 and NGR3 cDNAs have 1244 and 1069 nucleotides with open reading frames of 831 and 708 nucleotides, respectively. Their putative translational products, RNases NGR2 and NGR3, are composed of 277 and 236 amino acid residues, respectively. Analysis of several independent 3? RACE products showed that transcripts from NGR2 and NGR3 genes The deduced amino acid sequences of NGR2 and NGR3 were aligned with those of RNase NW from N. glutinosa, 10) RNase NE from N. alata, 11) RNS1, RNS2, and RNS3 from A. thaliana, 17) RNases LE 12) and LX 18) from tomato (Lycopersicon esculantum ), and RNase MC1 from the bitter gourd (Momordica charantia) seeds. 20) The completely conserved residues are boxed. Dashed lines are introduced to maximize the identity. Amino acid residues are numbered according to the RNase NW. are polyadenylated at multiple sites, a feature common to many plant genes. 13) The deduced amino acid sequence of NGR2 includes a long hydrophobic Nterminal sequence relative to other plant RNases and contains two potential N-glycosylation sites (Asn181 and Asn272) with the consensus sequence Asn-Xaa-Ser W Thr. The deduced amino acid sequence of NGR3 contains a signal sequence at the N-terminus that directs the nascent polypeptide chain to the lumen of the endoplasmic reticulum (ER) 14) and has the putative C-terminal signal sequence (HDEF) for retention in the ER. 15, 16) The NGR3 includes no potential Nglycosylation sites. Fig. 3 . Phylogenetic Tree for the S-like RNases.
The phylogenetic tree shown as a dendrogram was prepared using the Clustal V program. Evolutionary relationship of the Slike RNases was based on the sequence alignment presented in Fig. 2 . 
394
N. KURATA et al.
Sequence comparison
The deduced amino acid sequences of RNases NGR2 and NGR3 share 32z identical amino acids, and NGR3 is more related to the wound-inducible RNase NW (58z identity) in N. glutinosa leaves than to NGR2 (33z). Sequence comparison of NGR2 and NGR3 with those of other known plant RNases showed that they are more related to S-like RNases than to S-RNases. This comparison showed that NGR2 is closely related to the S-like RNase RNS2 from Arabidopsis thaliana, 17) sharing 61z amino acid residues, while NGR3 is very similar to an S-like RNase, RNase LX, (84z identity) from cultured tomato cells. 18) Three N. glutinosa RNases NW, NGR2, and NGR3, as well as the similar S-like RNases from other plants were aligned for maximum similarity with the Clustal V program, as shown in Fig. 2 . In this comparison, there are 37 positions which are completely conserved in all proteins. Particularly, two characteristic segments, known as CAS (c onserved active-site s egment), IHGLW and KHGTC, which contain the two reactive histidine residues required for the catalytic activity of RNase Rh from R. niveus, 19) are completely conserved in all proteins. In addition, 10 half-cystine residues are also conserved in all proteins, except for bitter gourd RNase MC1, 20) where 8 half-cystine residues are conserved. In spite of conservation, the protein NGR2 and its homologue RNS2 have several extra amino acid sequences at putative signal sequences, and other insertions and deletions are required throughout mature molecules to give the closest similarity to other RNases. Based on this comparison, a phylogenetical tree for the S-like RNases was constructed and is shown in Fig. 3 . This tree has three main branches: RNases NW, NGR2, and NGR3 found in the N. glutinosa leaves diverge to distinct groups. This suggests diŠerent functions of RNases in separated groups and a similar function(s) of RNases within a group. The phylogenetical relationship also indicates that interspeciˆc sequence similarities of RNases are higher than those of the intraspeciˆc RNase pairs within a species. This relationship supports the proposal that divergencies of RNase isozymes in plants occurred before speciation. 1) 
Expression in response to wounding and TMVinfection
In an earlier study, RNA blot analysis showed that the RNase NW transcript was induced within 4 h after wounding and then gradually decreased during 24 h. 10) This result was in good accord with the induction pattern of the increase of RNase activity in Fig. 4 . RNA Gel Blot Analysis of the RNases NW, NGR2, and NGR3 Gene Transcripts in the N. glutinosa Leaves. Total RNA was isolated from wounded (A) or TMV-infected (B) leaves, as described. 10) Hybridization and stripping of hybridized membranes was done as described under Materials and Methods. Full-length cDNAs of RNases were labeled using a 32 P using random primer labeling kit (Takara Shuzo). The NGR1, NGR2, and NGR3 indicate the Northern blot analyses using the cDNA clones encoding RNase NW, NGR2, and NGR3, respectively, as probes. The 25S rRNA probe was used as an internal standard for RNA loading and nitrocellulose transfer. response to wounding. 9) Toˆnd if expressions of NGR2 and NGR3 genes are associated with wounding, we examined the accumulation of NGR2 and NGR3 transcripts in N. glutinosa leaves, using RNA gel blot analysis. In contrast to RNase NW, no induction of the expression for the NGR2 and NGR3 genes was observed; the NGR3 gene was constitutively expressed in leaves, even though a slight increase by wounding was observed within 24 h (Fig. 4A ). Next, we analyzed gene expressions of RNases NW, NGR2, and NGR3 upon TMV infection following the wounding treatment. Expression of the NGR3 gene was signiˆcantly induced upon TMV infection after 48 h, and this increase was observed through 72 h (Fig. 4B) . In contrast, elevated expression of RNases NW and NGR2 genes was never observed in response to TMV-infection ( Fig. 4B) , as compared with the expression patterns which occurred with the wounding.
Discussion
The current study, together with our previous study, 10) isolated three distinct cDNA clones encoding S-like RNases in the N. glutinosa leaves and deduced their amino acid sequences by nucleotide sequences. RNase NW is synthesized as a preprotein with 229 amino acids, including a putative signal sequence consisted of 25 amino acids. 10) Likewise, sequence comparison suggested the presence of signal sequences composed of 33 and 24 amino acids, at the N-termini of NGR2 and NGR3, respectively, even though they are dissimilar to each other. In addition, both sequences have extra C-terminal sequences relative to other S-like RNases; that (HDEF) for NGR3 is a signal sequence for retention in the ER, 15, 16) suggesting the cellular localization of NGR3, as discussed below.
Sequence comparison revealed that the N.
glutinosa RNases NW and NGR3 are closely related to RNases LE 12) and LX, 18) respectively, from tomato cultured cells, and NGR2 is related to RNS2 from A. thaliana. 17) RNase LE is localized in the culture medium, while RNase LX is thought to be in the ER because of the presence of an ER retention signal sequence, HDEF, at the C-terminus. 18) It was further described that other RNases, RNases LV1 and LV2, which are located in vacuoles in tomato cells, have sequences similar to RNase LX, but do not contain the sequence HDEF at their C-termini. This observation suggested that RNases LV1 and LV2 move to the vacuole from the ER after a post-translational proteolytic cleavage of RNase LX. 18, 21) Furthermore, it was reported that RNS2 in A. thaliana is supposed to be a vacuolar enzyme 17) because of the presence of a 20 amino acid C-terminal extension that has features of a vacuolar targeting sequence. 22) On the basis of this information, the cellular localization of three RNases in the N. glutinosa leaves could be speculated as follows. First, the wound-inducible RNase NW may be secreted into the extracellular space, while TMV-inducible NGR3 is likely to be located in the ER because of the conserved sequence HDEF at the C-terminus. It is likely that a post-translational processing of the NGR3 may, as in the case for RNase LX, give rise to a distinct RNase(s) in the vacuoles. Second, since the C-terminal regions are not conserved in NGR2 and RNS2, the NGR2 may be targeted to the extracellular space or retained in one of the compartments of the secretory system, such as the ER. RNA blot analysis showed that the RNase NW gene is speciˆcally induced by wounding, but not by TMV infection. On the other hand, the NGR3 gene is not induced by wounding, but signiˆcantly induced after 48 h in response to TMV infection; the quantity of the NGR3 mRNA is maintained at a constant level up to 72 h. In contrast, NGR2 is found to be constitutively expressed in the N. glutinosa leaves and its expression was not increased in response to both wounding and TMV-infection. Shimokawa et al. observed that the RNase activity (designed RNase F) was activated 24 h after TMV infection and this increase occurred through 72 h. 9) This induction pattern is slightly diŠerent from that of the NGR3 gene detected by northern blotting in this study. Furthermore, it was reported that the induction of the RNase activity (RNase F) was not inhibited by actinomycin D and cycloheximide, suggesting that the RNase activity induced by TMV-infection was not synthesized de novo. 9) In contrast to the NGR3 gene, the NGR2 gene is constitutively expressed in leaves and its expression is not increased by TMV infection. Furthermore, no recombinant enzyme with ribonuclease activity was produced in Escherichia coli cells (the accompanying paper). Taken together, it could be speculated that the translational product of the cDNA NGR2 may undergo post-translational modiˆcation(s), such as phosphorylation or glycosylation, to produce a ribonuclease referred to as RNase F by Shimokawa et al. To address this assumption, further studies on RNases expressed in N. glutinosa leaves are required.
It is known that S-like RNase genes are induced in response to environmental and developmental stimuli, such as phosphate starvation and senescence. 1) It was reported that RNS2 is constitutively expressed and its expression is induced by phosphate starvation and senescence, 17) and that tomato RNases LE and LX are induced by phosphate starvation and senescence. 12, 23) Our preliminary RNA gel blot analysis showed that expression of the RNase NW gene was induced in response to phosphate starvation in leaves, but not in response to senescence, and that the expression of RNases NGR2 and NGR3 genes were, as for their respective homologues RNS2 and RNase LX, induced in response to both phosphate starvation and senescence (Kariu et al. unpublished results) . Theseˆndings suggest that RNases may be recruited for roles in several functions in the plant; N. glutinosa induces the expression of diverse RNase genes for starvation rescue or senescence, while it induces a speciˆc RNase(s) for a mechanical injury or TMV infection, possibly as a defensive protein.
